In different mammalian species, in vitro culture and manipulation can lead to aberrant fetal and peri-natal development. It has been postulated that these diverse abnormalities are caused by epigenetic alterations and that these could affect genes that are regulated by genomic imprinting. To explore this hypothesis relative to somatic cell nuclear transfer in sheep, we investigated whether the ovine H19-IGF2 and IGF2R loci are imprinted and analysed their DNA methylation status in cloned lambs. A comparison between parthenogenetic and control concepti established that imprinting at these two growth-related loci is evolutionarily conserved in sheep. As in humans and mice, IGF2R and H19 comprise differentially methylated regions (DMRs) that are methylated on one of the two parental alleles predominantly. In tongue tissue from 12 out of 13 cloned lambs analysed, the DMR in the second intron of IGF2R had strongly reduced levels of DNA methylation. The DMR located upstream of the ovine H19 gene was found to be similarly organised as in humans and mice, with multiple CTCF binding sites. At this DMR, however, aberrant methylation was observed in only one of the cloned lambs. Although the underlying mechanisms remain to be determined, our data indicate that somatic cell nuclear transfer procedures can lead to epigenetic deregulation at imprinted loci. q
Introduction
In humans and mice, the maternal and the paternal genomes are both required for normal embryonic and postnatal development. Their functional non-equivalence is mediated by genomic imprinting, an epigenetic mechanism that gives rise to differential expression of paternally and maternally inherited alleles of certain genes. An extreme consequence of imprinting is that parthenogenetic mouse embryos -which have two maternal genomes and no paternal genome -are small and die shortly after implantation, because they lack imprinted genes that are expressed from the paternal allele. A similar effect is observed in androgenotes, which have two paternal but no maternal genome (McGrath and Solter, 1984; Surani et al., 1984) . To date, some 60 imprinted genes have been identified. The majority of these are imprinted in primates (humans) and rodents (mouse, rat) (Surani, 1998; Reik and Walter, 2001) . It remains unclear, however, how broadly this mechanism of gene regulation is conserved amongst other eutherians, such as in ruminants. This phylogenetically distinct group diverged , 100-110 million years ago from the lineage that gave rise to rodents and primates (Penny and Hasegawa, 1997) , and has a different, non-invasive type of placentation. In comparison to mice and humans, in which the placenta invades all uterine layers and acquires nutrition directly from maternal blood vessels, placentation in ruminants is non-aggressive, with a chorion that does not invade the uterine layers. Comparatively, implantation is also delayed in sheep, occurring during fetal development, between days 23 and 25 of gestation (Steven, 1975) . The pronounced differences between ruminants and other placental mammals are interesting relative to evolutionary theories which propose that imprinting prevents ovarian trophoblast disease and restrains aggressive placentae from harming the pregnant mother (Hall, 1990; Varmuza and Mann, 1994) . Similarly as in mice, we previously found that parthenogenetic development in sheep (Ovis aries) is associated with growth reduction (2 10%) at day 21 of development (Feil et al., 1998) . In addition, sheep parthenogenotes survive for only several days after implantation, and no viable ones were observed after day 28 of development . These developmental abnormalities suggested that genomic imprinting could be conserved in ruminants, at least for some of the genes. Indeed, it was shown for some genes that are imprinted in humans and mice, that they are repressed on one of the two parental alleles in sheep as well (Feil et al., 1998; McLaren and Montgomery, 1999; Charlier et al., 2001) .
Our current study explores the IGF2/Mannose 6-phosphate-receptor (IGF2R) and H19-IGF2 gene loci in sheep. It investigates the epigenetic organisation of a regulatory region upstream of H19 that is essential for the allele-specific expression of the neighbouring H19 and IGF2 genes in humans and mice (Thorvaldsen et al., 1998) . Additionally, we analyse the epigenetic organisation of an intronic element in IGF2R that regulates its allelic repression, and that of several flanking genes, in the mouse (Sleutels et al., 2002) . Although the DNA sequences at these two 'imprinting-control centres' are found to be highly divergent compared to humans and mice, their parental allele-specific DNA methylation is conserved in sheep. Together with a comparative expression analysis between parthenogenetic and biparental concepti, this indicates that imprinting at these two loci is conserved in ruminants.
In vitro culture and embryo manipulation at preimplantation stages may affect phenotype and growth during fetal and perinatal development (Doherty et al., 2000; Khosla et al., 2001; Young et al., 2001) . In cattle and sheep, these aberrant phenotypes are collectively referred to as the Large Offspring Syndrome (LOS) (Young et al., 1998) . Similar affects have been observed as a consequence of somatic cell cloning in cattle and sheep (reviewed by Wilmut et al., 2002) . One of the hypotheses to account for these abnormalities is that the phenotype is caused by epigenetic deregulation of genes, and that such epigenetic abnormalities would affect in particular the expression of genes that are subject to imprinting (Nagy et al., 1993; Moore and Reik, 1996; Dean et al., 1998; Young et al., 1998; Young and Fairburn, 2000; Khosla et al., 2001; Feil, 2001 ). In the mouse, studies on the imprinted H19 gene have shown that in vitro embryo and ES cell culture, and somatic cell nuclear transfer, can affect the methylation status of its upstream imprinting-control centre (Dean et al., 1998; Doherty et al., 2000; Khosla et al., 2001; Humpherys et al., 2001; Mann et al., 2003) . Recently, we described, that in embryo culture leading to the LOS in sheep, a correlation exists between disrupted methylation and aberrant expression of IGF2R (Young et al., 2001) . We set out to further address the disruption of methylation marks in sheep, by analysing lambs obtained from three different nuclear transfer experiments. Tissue material was analysed from a total of thirteen animals, cloned from either primary cultures or freshly isolated cells. There was only evidence for epigenetic deregulation at the H19 imprinting-control centre in one cloned animal. In contrast, and similarly to ovine embryo culture (Young et al., 2001) , aberrant DNA methylation was detected at a differentially methylated region of the IGF2R gene in the majority of the cloned animals. Although the underlying mechanisms remain elusive and need to be investigated, this provides the first evidence that somatic cell cloning procedures in sheep may give rise to epigenetic deregulation at imprinted loci.
Results

Conservation of H19 -IGF2 imprinting in sheep
To investigate the H19 -IGF2 locus on sheep chromosome 21q21-qter (Ansari et al., 1994) , a single phage-l clone was isolated from an ovine genomic library, using a fragment from the 5 0 -portion of the gene as hybridisation probe (Hagemann et al., 1998) . Eco RI, Hind III and Bam HI restriction fragments derived from the recombinant phage, were sub-cloned into plasmid pBluescript KS þ and a directed sequencing approach was used to obtain a contig of overlapping DNA sequences covering the entire insert. The thus-obtained 8.8-kb DNA sequence (EMBL/GenBank accession number AJ566210) was compared with human and mouse DNA sequences to establish the presence of the entire sheep H19 gene, 4.3-kb of upstream, and 2-kb of downstream sequences (Fig. 1A) . The ovine H19 was found to have the same structure as in mouse and humans. It has five exons and its transcription initiation and termination sequences, intron -exon boundaries, and the position of the poly adenylation site, are the same as in humans and mice. Overall, sheep H19 is more similar to the human (66% identity) than the mouse (61% identity) H19. Its exonic sequences are more highly conserved (67 and 62%) than its intronic sequences (57 and 56%) compared to the human and mouse genes, respectively. These findings support the postulate that the H19 gene product is functionally important (Hurst and Smith, 1999) . Additionally, also in sheep, H19 seems to encode a non-translatable RNA since it has no conserved open reading frames (ORF) of significant length. Specifically, the longest putative ORF (of 393 bases) was identified in exon-1 of the sheep H19 gene, but is not present in humans and mice.
Upstream of sheep H19, the best conserved sequences are the 200 bases directly upstream of the transcription initiation site (70 and 61% identity to human and mouse, respectively). The remainder of the upstream sequences displays only , 30% identity with the syntenic human and mouse sequences. However, like in humans and mice (Bell and Felsenfeld, 2000; Hark et al., 2000; Szabo et al., 2000) , these sequences fulfil the criteria of a CpG island and comprise multiple putative binding sites for the zinc-finger protein CTCF (Fig. 1B) . The four putative CTCF binding sites that we identified in the upstream region (sites I-IV) are all within conserved stretches of , 20-bp, and are positioned at 4.1 kb (site I), 3.7 kb (site II), 2.7 kb (site III), and 1.3 kb (site IV) upstream of the transcription initiation site, respectively.
The methylation status of the putative CTCF sites, and of CpG dinucleotides elsewhere in the upstream region was investigated by digestion of genomic DNA with methylation-sensitive restriction enzymes, followed by Southern hybridisation (Fig. 2) . To develop a suitable probe for hybridisation, various fragments from the upstream region were tested. Almost all of these were found to comprise repetitive sequences, and gave multiple hybridising bands. The clearest results were obtained with a 0.3-kb Xho IEco RI fragment (probe 0.3X -E) from the H19 promoter. However, this probe gave slight cross-hybridisation with a sequence elsewhere in the genome. To distinguish maternal and parental alleles, parthenogenetic (with two maternal genomes) and naturally fertilised control concepti (with a maternal and a paternal genome) were compared. For the generation of parthenogenotes, chemically-activated eggs were developed to the two-cell stage and then transferred to temporary recipients to further develop in vivo till the blastocyst stage, and were transferred into definitive recipient ewes subsequently . Three Not I restriction sites were analysed (in CTCF sites I, III and IV) and were found to be fully digested in the parthenogenetic Fig. 1 . Structure of the sheep H19 gene. (A) An 8.8-kb DNA sequence comprising the ovine H19 gene was derived (EMBL/GenBank accession number AJ566210) and used to map restriction sites for Eco RI (E), Hind III (H), Not I (N), and Sac II (S). The lower panel depicts the gene, with its five exons, based on predicted exon-intron boundaries and sequence homology to human and mouse H19 (grey boxes), CpG island sequences (hatched bars), and four putative CTCF binding sites (filled triangles, I -IV). Different fragments were used as probes for Southern and northern hybridisation: a 0.3-kb Xba I-Eco RI fragment (0.3X-E) and a 0.7-kb Hind III -Stu I fragment (0.7H-S). (B) Putative CTCF binding sites (I-IV) in the region upstream of the sheep H19 gene were compared with CTCF sites upstream of the human, mouse and rat H19 genes. In the four species, CTCF sites upstream of the ovine gene have the same nucleotides flanking the minimal CTCF motif (CCGNNGGNGGC). This establishes a CTCF consensus (GCCGCGNGGNGGCCAG) that is conserved at the IGF2/H19 locus. samples. In the biparental controls, however, these sites were only partially digested by the methylation-sensitive Not I enzyme ( Fig. 2A) . Hence, the three Not I restriction sites are unmethylated on the maternal, and fully methylated on the paternal, allele. To confirm that the DNA methylation along this upstream region is present on the paternal allele exclusively, four Sac II restriction sites were analysed as well. Digestion with the methylation-sensitive Sac II enzyme established that the four sites were methylated in about half of the DNA in the control animals, and were unmethylated in the parthenogenotes (Fig. 2B ). Combined, these data establish that DNA methylated is present on the paternal allele exclusively along the H19 upstream region.
To determine the parental allele(s) from which the sheep H19 gene is expressed, northern analysis was performed on total-RNAs from day-25 parthenogenetic and biparental control concepti (Fig. 3 ). IGF2 imprinting was faithfully maintained in the parthenogenenotes, in which little or no IGF2 expression was detected in comparison to the control fetuses. Hybridisation with a probe from exon-1 of the sheep H19 gene (fragment 0.7H -S) showed a single transcript of which the size (, 2.3 kb) was as predicted from the sum of the exons. The same band was detected, albeit less strongly, with a human H19 cDNA probe (data not shown). Levels of H19 expression were between 1.6 and 2.8-fold higher in the parthenogenetic samples than in the control samples (Fig. 3) , and the same had been observed before in a study on gynogenetic concepti (Hagemann et al., 1998) . This suggests that H19 is expressed from the maternal allele predominantly in sheep, as it is in human and mice (Bartolomei et al., 1991; Zhang and Tycko, 1992) .
Parental imprinting at the ovine IGF2R locus
To investigate whether the intronic DMR of IGF2R is conserved in sheep, a phage-l clone (l14) was isolated from the genomic DNA library, by hybridisation with cDNA probes comprising exons 2 or 3 of the sheep IGF2R gene. DNA sequencing revealed that exon 2 was at 560-bp from the 5 0 end, and that the 3 0 end of exon 3 was located at 989 bp from the opposite end of this 18.3-kb l14 clone (Fig. 4A ). Ovine exon 2 shares 98, 89 and 78% homology with the bovine, the human, and the mouse exon 2, respectively, and is 140-bp long in each of these species. The 100-bp of exon 3 that was used as one of the two probes for the library screen, was 98% homologous with bovine exon 3, but only the first 60-bp of this probe showed high homology with the human and mouse exon 3. The splice donor and acceptor sites reported for exons 2 and 3 in human (Killian and Jirtle, 1999) and mouse (Szebenyi and Rotwein, 1994) , were fully conserved in the sheep. Not I and Fig. 3 . H19, IGF2, and IGF2R expression in ovine parthenogenotes. Northern blot with total RNAs from four control and four parthenogenetic sheep concepti (day 21), hybridised with the H19 probe 0.7H-S, a bovine IGF2R cDNA probe, an ovine IGF2 cDNA probe, and a GAPDH probe, respectively. For all hybridisations, film exposures were for 18 h. Transcript sizes are indicated in kilo base pairs. The ratio of the IGF2R and GAPDH band intensities is 0.5, 0.3, 0.4, 0.9, 0.9, 1.9 and 1.7, in lanes 1-7, respectively. The ratio of H19 and GAPDH is 1.8, 1.8, 1.8, 3, 3.6, 5 and 4.5, in lanes 1-7, respectively. Note that in the parthenogenetic samples, there is a low level of expression of the 5.0-kb IGF2 transcript only.
Fig. 4. Maternal methylation at the intronic CpG island of IGF2R. (A)
Organisation of the intronic CpG island of IGF2R. A 3-kb sequence comprising the entire CpG island was derived (submitted under GenBank accession number AY182033). CpG island sequences cover nucleotides 108 -2726 (black bar), and comprise two Not I (N) restriction sites. The position of the CpG island relative exonic sequences (filled boxes) was determined from cloned Not I and Not I-Eco RI (E) restriction fragments, and from Southern analysis. (B) Methylation at the intronic CpG island. Control and parthenogenetic DNA samples (day 25, extra-embryonic membranes) were digested with Hind III þ Not I. To the left, a control genomic DNA (extra-embryonic membrane) digested with Hind III (H), Not I (N), and Hind III þ Not I (H þ N). The map underneath indicates the region that was cloned, and the intron-2 probe 0.7-SS that was used for Southern hybridisation. The ,10-kb band indicates full methylation at the two Not I sites flanking the probe; the ,9-kb band indicates digestion at one of the two Not I sites only, and the 2-kb band indicates absence of methylation at these two Not I sites. Measured ratios between the 10-kb and ,9-kb bands are indicated below. The mean value for the parthenogenetic concepti was significantly higher than in the normal controls (2.6 versus 0.7, P , 0:05). The map underneath depicts the differentially methylated region (hatched box), Not I (N) and Hind III (H) sites, and the 0.7-SS fragment used as hybridisation probe.
Eco RI fragments of phage l14 were sub-cloned into pBluescript II KS þ , and Southern analysis was performed to construct the restriction map shown in Fig. 4A . A 3048-bp DNA sequence (termed DMR2 contig; GenBank AY182033) was derived, comprising the central Not I fragment (of 1905-bp in size), the 3 0 -end of a neighbouring 5.5-kb fragment (301-bp), and the 5 0 end of a flanking 2.6-kb fragment (842-bp). This sequence comprises a CpG island of 2619-bp in size, covering the 1.9-kb Not I fragment and small regions flanking this fragment on both sides. This CpG island, which we called DMR2, has a G þ C content of 77% and spans bases 108 -2726 of the DNA sequence. Combined, the Southern and sequencing analyses establish that in sheep, the second intron of IGF2R is 4.2 kb shorter than in humans (Smrzka et al., 1995) , and 8.8 kb longer than in the mouse (Szebenyi and Rotwein, 1994) . Another difference is that the DMR2 is located nearer to exon 2 in the sheep than in humans (the human island is located 3 kb upstream of exon 3). Using a BLAST search, no other mammalian sequences with significant homology to the ovine DMR2 sequence were detected, similarly as has been observed for the mouse and the human DMR2 (Smrzka et al., 1995; Riesewijk et al., 1996) .
The methylation level at the two Not I restriction sites located in the DMR2 was determined by comparative Southern analysis of parthenogenotes and biparental controls, using the 0.7S-S fragment as a probe (Fig. 4B) . In agreement with a previous methylation study on sheep fetal liver (Young et al., 2001) , in the control concepti about half of the DNA was methylated at the two Not I sites. Significantly higher levels of methylation were detected in four out of five parthenogenetic fetuses analysed. This indicates that the maternal allele has higher levels of methylation than the paternal allele at this CpG island, as it has in humans and mice (Stöger et al., 1993; Smrzka et al., 1995; Riesewijk et al., 1996) . In a single parthenogenetic conceptus, however, IGF2R methylation appeared to have been lost, since it was even lower than in the biparental controls.
Since there was increased intronic methylation on the maternal allele at the ovine IGF2R gene, we investigated its allelic expression status by comparing the gene's expression in parthenogenetic and control fetuses (Fig. 3) . Levels of IGF2R expression were between 2.2 and 4.7-fold higher in the parthenogenotes than in the normal controls. Also in the mouse, it was recently reported that Igf2r expression in parthenogenotes is frequently more than two-fold higher than in normal controls (Sotomaru et al., 2002) .
Analysis of H19 and IGF2R in lambs derived by nuclear transfer
To investigate whether the derivation of animals by transfer of somatic cell nuclei can affect imprinted genes, cloned lambs were investigated for their methylation status at the H19 upstream region and at the intronic DMR of IGF2R (Fig. 5) . The 13 cloned animals analysed corresponded to three different experimental groups. Five cloned (lanes 1-11) , and from lambs derived by nuclear transfer from a fetal fibroblast line (lanes 13, 14, 17, 20, 21) , and primary granulosa cells (lanes 12, 15, 16, 18, 19) . To the right, tongue DNA samples derived from nuclear transfer lambs that were obtained with fresh, uncultured, granulosa cells (lanes 22-24). Extracted genomic DNAs were digestion with Hind III þ Not I, and Southern hybridisation was with probe 0.7-SS. Measured ratios between the band indicating full methylation (,10-kb) and the band indicating absence of methylation (2-kb), are given below. On average, the cloned lambs had a significantly lower methylation ratio compared to that of the control animals (0.48 versus 1.2; P , 10 26 ). (B) Unaltered H19 methylation in nuclear transfer lambs. The Southern blots shown in (A) were hybridised with the H19 probe 0.3X -E subsequently. This showed unaltered methylation in the nuclear transfer animals at the Not I sites within the ,12-kb Hind III fragment. The ratios of the 12-kb band (full methylation) versus the 1.4-kb band (no methylated) is not different in the cloned compared to the control animals (1.2 versus 1.1; P ¼ 0:23).
lambs derived from fetal fibroblasts, which had been genetically modified by gene targeting (McCreath et al., 2000) . Five others were derived by transfer of nuclei from primary granulosa cells (PPL, unpublished) . The third group, of three cloned lambs, was derived using fresh, uncultured, granulosa cells. From all three groups of cloned lambs, tongue tissue had been dissected and frozen down after the animals had died because of complications during early postnatal life, or had to be sacrificed for health reasons at later stages (between 1 day and 7 weeks of age). As a control group, 12 naturally fertilised lambs were sacrificed at either 1 or 12 days of age. Southern analysis established that in the control lambs, the levels of IGF2R methylation at the DMR2 were comparable to those observed in the extraembryonic membranes of day 25 concepti (Fig. 5A) . The ratio between full methylation (, 10-kb band) and absence of methylation (2-kb band) at the intronic DMR was on average 1.2 (Fig. 5A ). In contrast, in all but one of the 13 cloned lambs, methylation at the DMR2 was strongly reduced. Particularly, the , 10-kb band corresponding to full methylation was weak in intensity in these cloned animals, indicating that in most of the cells of the dissected tonque tissue there was no methylation at the DMR2. The single cloned lamb in which no reduced methylation was observed, was derived from fresh granulosa cells (sample 23, Fig. 5A ), and it had a normal-range methylation ratio. On average, the cloned animals had a significantly lower methylation ratio than the control animals (0.5 versus 1.2; P , 10 26 ). In almost all the cloned lambs, levels of methylation at H19 were within the range observed in the control animals (Fig. 5B) . However, in one of the clones derived from the fibroblasts (lane 12), there was about a two-fold reduction in methylation at the upstream region. On average, the ratio of full methylation versus no methylation at H19 was not different in the cloned as compared to the control animals (1.2 versus 1.1; P ¼ 0:23).
From six of the cloned lambs, RNA was obtained from the tongue tissue that was of high-enough quality to allow northern analysis of H19, IGF2 and IGF2R expression. Tongue RNA from the control animals was also analysed. H19 was expressed at high levels in the tongue of all the lambs, confirming earlier reports on high expression in neonates (Naimeh et al., 2001; Lee et al., 2002) , but levels appeared unaltered in the cloned lambs. IGF2 expression was relatively high and appeared to be similar in cloned and control animals. IGF2R expression, however, was not detected by northern hybridisation in the control and cloned animals (data not shown).
Discussion
One of the findings in this study is that imprinting at the IGF2-H19 and IGF2R loci is conserved in a ruminant species, the sheep. In addition, we find aberrant IGF2R methylation in cloned lambs derived from three independent experiments. Combined, these data provide evidence that somatic cell nuclear transfer may affect imprinted loci.
Studies in the mouse have demonstrated that the CpG island upstream of H19 regulates the imprinted expression of both H19 and the neighbouring IGF2 gene (Thorvaldsen et al., 1998) . Precisely as in mice (Tremblay et al., 1995) , upstream of the sheep H19 gene we detected a CpG island that is methylated on the paternal allele only. In addition, multiple CTCF binding motifs were detected in this DMR. These data suggest that on the unmethylated maternal allele, there could be binding of multiple copies of the zinc-finger protein CTCF, and this would result in the repression of the neighbouring IGF2 gene on the maternal allele (Bell and Felsenfeld, 2000; Hark et al., 2000; Schoenherr et al., 2003) . Indeed, in ovine parthenogenotes, we detected little or no IGF2 expression indicating that IGF2 is repressed on the maternal allele. H19, on the other hand, appeared to be transcribed from the maternal allele predominantly, since levels of expression were higher in parthenogenotes than in normal controls. The sheep H19 gene was also found to have the same exon -intron structure as in primates and rodents. The conservation of the H19 gene amongst different mammalian groups, and its similar pattern of expression during ovine and murine development (Sasaki et al., 1995; Naimeh et al., 2001; Lee et al., 2002) , suggests that the non-coding H19 RNA is functional (Hurst and Smith, 1999) . Although H19 RNA seems not to have an essential role in mouse development (Jones et al., 1998) , several studies indicate that it might function in regulating the translation of other, coding RNAs, possibly even that of IGF2 (Li et al., 1998; Runge et al., 2000) .
Although our analysis constituted an indirect means to investigate IGF2R imprinting, the increased levels of IGF2R expression in the parthenogenetic compared to the control concepti suggest that sheep IGF2R is expressed from the maternal allele predominantly. In two of the parthenogenotes, however, the level of IGF2R expression was about four times higher than in the controls. Similar exceptionally high levels of IGF2R expression have been observed in parthenogenetic mouse embryos (Sotomaru et al., 2002) , and one explanation could be that also the parthenogenetic embryo phenotype influences expression levels. Additionally, at the intronic region that controls IGF2R imprinting and which is methylated on the maternal allele in humans and mice (Stöger et al., 1993; Riesewijk et al., 1996) , we detected high levels of DNA methylation in all but one of the produced parthenogenotes. The conserved epigenetic organisation of this intronic DMR, but lack of significant homology with the mouse and human homologous sequences, concurs with the suggestion of Smrszka et al. (1995) that chromatin structural features rather than a sequence-specific motif could be responsible for regulating the methylation mark at this locus. Recent chromatin studies in the mouse support this idea, and show that in addition to the differential DNA methylation, complex patterns of histone methylation and acetylation distinguish the parental alleles at this imprinting-control element (Fournier et al., 2002) .
Combined with earlier work on other genes (Feil et al., 1998; McLaren and Montgomery, 1999; Charlier et al., 2001) , our findings indicate that imprinting is conserved in a ruminant species in which, in contrast to rodents and primates, placentation is non-aggressive with a chorion that does not invade the uterine layers (Steven, 1975) . Such a broad conservation of imprinting in sheep seems not to support a theory that says that imprinting restrains aggressive placentae from harming the pregnant mother (Hall, 1990; Solter, 1994; Varmuza and Mann, 1994) . However, it is not excluded that sheep throphectoderm cells are invasive in a non-uterine environment. The conservation of imprinting in ruminants would agree with the 'conflict hypothesis' (Haig and Graham, 1991) which proposes that imprinted gene expression evolved as a consequence of the conflicting interests of paternal and maternal genes relative to the transfer of nutrients from the mother to the developing offspring. IGF2R and IGF2 are imprinted in marsupials as well, but not in an egg-laying monotreme, suggesting that imprinting of these growth-regulating genes may be unique to viviparous mammals (Killian et al., 2000 (Killian et al., , 2001 . It has been demonstrated in mice that, indeed, the dosage of Igf2 and Igf2r is crucial for development. Particularly, overexpression of the (paternally expressed) mouse Igf2 gene gives rise to fetal overgrowth (Sun et al., 1997) , whereas over-expression of the (maternally expressed) Igf2r gene leads to growth reduction (Wutz et al., 2001) . Also in sheep, the dosage of these two growth-related imprinted genes seems important. Parthenogenotes, which express only low levels of IGF2 and have increased IGF2R expression, are growth-retarded compared to normal control fetuses (Feil et al., 1998; Hagemann et al., 1998) . Conversely, loss of IGF2R expression in sheep embryos that had undergone in vitro culture, was associated with enhanced fetal growth (Young et al., 2001) .
This study also investigated the epigenetic status of imprinted IGF2R and H19 genes in three independent groups of cloned lambs. Two of these groups derived from cultured cells (granulosa cells and fibroblasts), and a third group from fresh cells (granulosa cells). Our finding of reduced IGF2R methylation in most of the cloned lambs concurs with our previous observation of frequent loss of IGF2R methylation in Large Offspring Syndrome fetal tissues derived after in vitro pre-implantation embryo culture (Young et al., 2001 ). In the tongues of all but one of the cloned lambs, however, we did not observe disruption of DNA methylation at the region upstream of H19. This result was perhaps unexpected since in the mouse, the H19 upstream region is particularly susceptible to perturbation by embryo culture (Doherty et al., 2000; Khosla et al., 2001) , by in vitro culture of ES cells (Dean et al., 1998; Humpherys et al., 2001) , and by somatic cell cloning procedures (Humpherys et al., 2001; Inoue et al., 2002; Mann et al., 2003) . In mouse embryo and cell manipulation, however, Igf2r methylation seems less often affected (Labosky et al., 1994; Dean et al., 1998; Humpherys et al., 2001) . It is premature to conclude from these differences between mice and sheep that there are species-specific patterns of altered methylation at imprinted genes. Our ovine study looked at the most advanced, postnatal, stage of development only, whereas in the mouse, the imprinting studies were performed on early embryos and on placental tissue. No developmentally comparable data are yet available for ruminant species.
In conclusion, the current study indicates that procedures used for somatic cell cloning somehow disrupt DNA methylation at the IGF2R locus, but at H19 only in a minority of the cloned lambs. Further studies are required to attribute this to specific component(s) of the procedures applied. It is unclear, for instance, whether the effect occurred in the donor cells used, whether it was the nuclear transfer procedure itself, whether there had been incomplete and aberrant chromatin reprogramming, or whether the subsequent embryo culture had affected imprinted gene regulation? Since the passages of the cultured fibroblast and granulosa cells used to generate the first two groups of cloned lambs were no longer available, we cannot conclude whether the epigenetic alterations at IGF2R were already present in the donor cells, or were caused by the subsequent nuclear transfer and embryo culture procedures. However, complete loss of IGF2R methylation was not observed in the tissue material analysed, indicating that methylation was unaltered in a proportion of the tissue cells. In addition, loss of IGF2R methylation was also observed in the third group of cloned lambs, derived from fresh, uncultured, granulosa cells. Maybe, therefore, the non-maintenance of methylation had arisen at a later stage, as a consequence of aberrant genome reprogramming, or during the in vitro embryo culture following nuclear transfer. Relative to possible embryo culture effects, we note that also one of the parthenogenetic concepti had strongly reduced levels of IGF2R methylation. In LOS fetuses generated by embryo culture, only those fetuses that exhibited whole body and/or liver overgrowth exhibited complete loss of IGF2R methylation in the mid and late gestation liver (Young et al., 2001) . The cloned lambs with reduced IGF2R methylation, however, covered a broad range of birth weights and varied also in other developmental abnormalities (data not shown). Thus, while loss of IGF2R methylation and expression correlate well with a causative role in inducing the fetal overgrowth observed in LOS, other imprinted or non-imprinted genes may induce the varied, severe, phenotypes in the lambs derived by somatic cell nuclear transfer. As many imprinted genes have now been implicated in determining fetal growth and development in placental mammals (Reik and Walter, 2001 ), disruption of a wide range of genes will ultimately require to be examined before the causes of phenotypic disturbance induced by embryo technologies can be understood. Due to the poor sequence conservation of imprinting-control sequences between sheep and mouse/human, that we have observed so far for IGF2R and H19, the cloning and epigenetic analysis of the required sheep sequences is likely to be a major task.
Experimental procedures
4.1. Cloning of H19 and IGF2R and DNA sequencing A genomic sheep library, constructed in phage lambda DASHII (Stratagene), was screened with a probe from the 5 0 portion of the sheep H19 gene (Hagemann et al., 1998) . The single clone identified was verified by hybridisation with a PCR-amplified, 545-bp fragment covering nucleotides 1612 -2156 of the human H19 cDNA (GEN/ EMBL:M32053). Overlapping BamHI, EcoRI and Hind III fragments derived from the single positive phage were subcloned into pBluescript-KS þ , and were sequenced by using a Dye Primer Cycle Sequencing Kit and ABI Prism 377 sequencer (Perkin Elmer). The combined 8.8-kb sequence was submitted to GEN/EMBL under accession number AJ566210. Similarly, the intronic IGF2R DMR2 sequences were derived from an 18.3-kb phage (l14), after subcloning Not I and Eco RI fragments into pBluescript-KS þ (and were submitted under GenBank AY182033).
Ovine fetuses, and derivation of lambs by nuclear transfer
For the generation of parthenogenetic fetuses of the Sarda breed, activated oocytes were developed entirely in vivo as described before , in order to minimise external influences on embryogenesis. Parthenogenetic fetuses and their extra-embryonic membranes were dissected from recipient ewes at day 21 or day 25 of pregnancy. For the control fetuses of the same breed, naturally fertilised two-cell stage embryos were cultured in vivo and transferred into recipients, precisely as for the parthenogenetic fetuses. All these animal procedures were in accordance with the PPR 27/1/1992 (Animal Protection Regulations of Italy) and with EC regulation 86/609. The 10 lambs derived by nuclear transfer using cultured cells, were from a previously reported transgenic experiment on transfected fetal fibroblasts (Schnieke et al., 1997 , and from a gene targeting study in which cultured granulosa cells were used (McCreath et al., 2000) . The three cloned lambs derived from fresh granulosa cells, were obtained as follows: metaphase II oocytes were denuded of granulosa cells by hyaluronidase treatment (300 IU, type 4, Sigma, St Louis, CO) followed by gentle pipetting, and then incubated with 10 mg/ml Hoechst 33342 (Fluka) for 15 min at 38.5 8C. Granulosa cells from individual ewes for use as nuclei donors were kept at room temperature in HSOF medium. Enucleation of oocytes was carried out in medium H-TCM199 plus 4 mg/ml BSA and 7.5 mg/ml Cytochalasin-B (Sigma) with the aid of a Nikon inverted microscope fitted with a Narishige micromanipulator. Enucleated oocytes were allowed to recover from Cytochalasin-B treatment for 30 min in the incubator, and were then injected with a granulosa cell. Injected oocytes were activated in H-SOF plus 5 mM ionomycin (Sigma), and cultured in SOF with 10 mg/ml of cycloheximide (Sigma) and 7.5 mg/ml Cytochalasin-B for 5 h. Reconstructed embryos were then transferred to 20-ml culture drops comprising SOF with 2% (v/v) BME-essential amino acids (Sigma), 1% (v/v) MEMnon-essential amino acids, 1 mM glutamine and 8 mg/ml fatty acid free-BSA. Cultures were performed in a humidified atmosphere of 5% CO 2 , 7% O 2 , 88% N 2 at 39 8C. At days 3 and day 5 of culture, 5% charcoal stripped fetal bovine serum was added to the medium. Blastocyststage embryos were then surgically transferred into recipient ewes for development to term. These procedures were in accordance with the PPR 27/1/1992 (Animal Protection Regulations of Italy) and with EC regulation 86/609.
Analysis of gene expression and DNA methylation
For expression analysis, 20 mg of total RNA were electrophoresed through 1.5% formaldehyde/MOPS agarose gels in 1X MOPS (0.2 M 3-N-morpholino-propanesulfonic acid, pH 7.0; 0.5 M NaAc; 0.01 M EDTA). RNA was then blotted onto Hybond-N þ membranes (Amersham), which were hybridised with radioactively labelled probe. For H19 hybidisation, a 750-bp Hind III -Stu I fragment from exon 1 was used. IGF2 hybrdisation was carried out with an ovine cDNA probe (Ohlsen et al., 1994) comprising exons 1 -3 and 8 -10. IGF2R hybridisation was with a fulllength bovine cDNA (Lobel et al., 1998) , and GAPDH hybridisation was with a 250-bp probe from the 5 0 part of the murine cDNA. For analysis of DNA methylation, 10 mg of restriction enzyme-digested DNA were electrophoresed through 1% agarose gels in 0.5 £ TBE buffer (44.5 mM Tris, 44.5 mM Boric acid, 1 mM EDTA). DNA was transferred onto Hybond N þ membranes in 0.4N NaOH. Hybridisation was carried out with a 0.3-kb Xho I-Eco RI H19 fragment (Fig. 1) and a 726-bp Sac I fragment from intron-2 of the sheep IGF2R gene (Young et al., 2001) . Following northern and Southern hybridisation, relative band intensities were determined by using the Quantity-One imaging software (BioRad). Statistical t-test analysis was performed to test for the null hypothesis that the methylation means for the 12 cloned lambs were the same as in the group of 11 control animals, for the two imprinted genes analysed.
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